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SPECIFICATION 

Preparation process of compound semiconductor 

5 The present invention relates to a process for preparing compound semiconductor films and 5 
especially lll-V or ll-VI compound semiconductor films. 

In order to grow compound semiconductor films over the surfaces of substrates, there have 
been devised and demonstrated the metallorganic Chemical Vapor Deposition (MOCVD) method, 
the molecular beam epitaxy (MBE), the atomic layer epitaxy (ALE), the molecular layer epitaxy 

10 (MLE) and so on. 10 
The MOCVD method is disclosed in detail by, for instance, H.M. Manasevit et at. (J. Electro- 
chem. Soc. 120 (1973), 569). According to this method, as shown in Fig. 1, organometallic 
compounds and hydride compounds are transported by hydrogen carrier gas over the heated 
surface of a substrate so that a compound semiconductor layer is formed over the surface of 

15 the substrate by thermal decompositions. For instance, in case of GaAs which is one of lll-V 15 
compound semiconductors, trimethyl gallium (CH 3 ) 3 Ga which is an organometallic compound of 
Ga and arsine which is a hydride compound of As are introduced over the surface of a heated 
substrate 1 disposed in a reaction vessel 3, decomposed and diffused in a velocity boundary 
layer 2 defined adjacent to the substrate 1 so that completely decomposed Ga and As atoms 

20 are adhered to the surface of the substrate 1, thereby growing a GaAs crystal. While trimethyl 20 
gallium (TMG) is almost not decomposed outside of the boundary layer 2, it is almost 100% 
decomposed over the surface of the substrate 1 so that a trimethyl gallium concentration 
gradient does exist in the boundary layer 2. The growth rate is approximately in proportion of 
the concentration gradient, so that the growth rate becomes higher at the upstream side at 

25 which the boundary layer 2 is thin and the growth rate is gradually decreased downstream as 25 
shown in Fig. 2. Thus, the most serious defect of the MOCVD method is that the thickness of 
the grown layer over the surface of a substrate is not uniform. Meanwhile, research and 
development of semiconductor devices having an extremely fine structure such as a quantum 
well structure, a superlattice structure and so on is increasingly carried out and now demands an 

30 epitaxial technique capable of controlling a single atomic layer. According to the MOCVD 30 
method, the growth rate is determined by a raw material supply rate and, as described above, 
the thickness of the grown layer is not uniform over the whole surface of a substrate so that it 
is next to impossible to control the single atomic layer over the wide surface of the substrate. 
MBE is disclosed in detail by, for instance, L.L. Chang et al. (J- Vac. Sci. Techno). Vo.10, 

35 No.1, p.11 + (1973)). Starting material elements, Ga and As in case of GaAs, are heated in a 35 
high vacuum and GaAs crystal deposited on the surface of a substrate. However, it is also 
difficult to control the single atomic layer over the wide surface of the substrate because of the 
non-uniform distribution in space of the molecular beam. 

ALE (U.S. Patent No. 4,058,430: 1977) was proposed by T. Suntola et al. as an improvement 

40 of MBE. According to this method, semiconductor elements are alternately supplied in the form 40 
of pulses, whereby single atomic layers are alternately formed over the surface of a substrate. 
This method is advantageous in that the film thickness can be controlled with an accuracy of an 
atomic layer, but in this method an element having a high vapor pressure tends to be vaporized 
so that lattice defects result, thus resulting in the crystal degradation. T. Suntola et ai. presented 

45 various reports on the formation of compound thin films by ALE in Thin Solid Films 65 (1980), 45 
pp. 301-307; and other publications, but formed compounds are almost ll-VI compound semi- 
conductors and oxides and a lll-V compound semiconductor; that is, GaP is disclosed only in 
one of the EXAMPLES of U.S. Patent No. 4,058,430. They have not disclosed the formation of 
GaAs and AlAs. The reason why the applications of this method to the formation of lll-V 

50 compounds is less resides in the fact that the vapor pressure of a Group III atom is extremely 50 
low. That is, when Group III atoms are supplied, only adsorption occurs and the adsorption 
continues after one atomic adsorbed layer is formed. 

MLE which can utilize ALE in the formation of lll-V compound semiconductor films was 
proposed by Nishizawa et al. (J- Electrochem. Soe; SOLID-STATE SCIENCE AND TECHNOLOGY: 

55 Vol. 132, No. 5, 1197-1200, 1985). One of the important features of MLE resides in that fact 55 
that since in response to the supply of Group 111 atoms, only adsorption results and the 
adsorption by only one atomic layer cannot be interrupted, the Group III atoms are supplied in 
the form of a molecule having a high vapor pressure. According to this method, the adsorption 
of the material molecules by a single molecular layer, the chemical reactions, removal of reaction 

60 products and the film growth proceed in the order named. Fig. 3 is a time chart for the ©0 
introduction of material elements and Fig. 4 is a schematic view used to explain the growth 
mechanism. Arsine is introduced over the surface of a heated substrate 1 in a high vacuum and 
then is exhausted, whereby a single molecular layer of arsine is formed as shown (a) m Fig. 4. 
Adsorbed arsine is subjected to the thermal decomposition, whereby a single atomic layer of As 

65 is formed as shown (b) in Fig. 4. Thereafter, trimethyl gallium is introduced and decomposed bb 
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over the surface of the substrate, whereby a single molecular layer of GaAs is formed as shown 
(c) and (d) in Fig. 4. The system is exhaused again, thereby discharging excess trimethyl gallium. 
When the above-described steps are repeated, a single atomic layer is grown one layer by one 
layer. 

5 However, the above-described method has the following defects: 5 

(1) A single molecular layer of trimethyl gallium is adsorbed over the surface of a substrate 
and then is subjected to the thermal decomposition, whereby a single Ga atomic layer is formed. 
However, it is impossible to form a single Ga atomic surface which covers 100% of the surface 
of the substrate because of the three-dimensional interference and repulstion between trimethyl 

10 gallium molecules. As a result, it is impossible in principle to attain the thickness of a single 10 
atomic layer by one cycle. 

(2) During the growth period, when TMG is introduced or exhausted or when AsH 3 is ex- 
hausted, there occurs a case in which no As exists in the growth atmosphere. As a result, since 
As has a high vapor pressure, As leaves out of the grown layer, leaving vacancies which are 

15 filled by impurities. Therefore, a deep impurity level associated with the vacancies of As results. 15 
In addition, this method is carried out in a high vacuum so that no hydrogen exists so that 
methyl radicals resulting from the decomposition of trimethyl gallium are not reduced by hydro- 
gen and carbon in methyl radicals react with the vacancies of As and incorporated into the 
growth layer, thus becoming carbon acceptors. In the above-described reports, Nishizawa et al. 

20 indicate that the grown layer is of p type with carrier concentration of the order of 10 19 cm -3 20 
which proves the contamination of the growth layer with carbon. 

(3) Since the decomposition of trimethyl gallium takes a relatively long time and in addition a 
exhausting period is needed, one cycle time becomes longer and is of the order of 33 seconds. 
As a result, in order to obtain the growth layer of one micrometer, more than 30 hours are 

25 required, which is not satisfactory in practice. 25 
For improving above-mentioned defects, we made a proposal of a method for preparing GaAs 
thin film by alternatively introducing triethyl gallium (TEG) and arsine (AsH 3 ) on a substrate (46th 
Autumun Meeting; The Japan Society of Applied Physic, October 2, 1985), and a method, while 
normally flowing AsH 3 which is diluted by hydroden on a substrate alternatively introducing TEG 

30 and AsH 3 of higher concentration (Int. Symp. GaAs and Related Compounds,, September, 1985 30 
and Japanese J. Appl. Phys. Vol. 24, No. 12, pp. L962-L964). Vacancies of As and carbon 
acceptors are small in GaAs film obtained by these methods. And growth of GaAs film is 
controllable by a thickness of single atomic layer, and growth rate is very increased. But there 
are surface defects in epitaxial GaAs film according to these methods and the quality of crystal 

35 is not still sufficient. 35 
Meanwhile the process for fabrication of GaAs integrated circuits (ICs) such as GaAs MESFETs 
demands a technical process capable of forming low-resistance ohmic electrodes. Therefore, a 
process for introducing a high concentration n + layer (>5x 10 19 cm~ 3 ) is required. To this end, 
an ion implantation method or an epitaxial growth method has been devised and demonstrated. 

40 The ion implantation method is suitable for fabricating fine structures, but has the problems that 40 
an introduction of defects is caused by the ion implantation and that an annealing step is further 
needed. 

On the other hand, the metallorganic Chemical Vapor Deposition (MOCVD) method which 
belongs to an epitaxial growth method is excellent because in case of formation of a lll-V 

45 compound semiconductor film, the film thickness can be controlled with a relatively high degree 45 
of accuracy of the order of 100A and because it is adapted for the mass production. This 
method will be described in connection with the doping of Si into GaAs which is a typical lll-V 
compound semiconductor. An organic gallium compound such as trimethyl gallium, arsine (AsH 3 ) 
which is a hydride of Group V element, silane (SiH 4 ) which is a hydride of Group IV element and 

50 a hydrogen carrier gas are introduced over the surface of a substrate which is heated at high 50 
temperatures (650-750°C), whereby an n-type GaAs layer doped with Si resulting from the 
thermal decomposition is formed. However, so far there has been no report that the MOCVD 
method has succeeded in doping more than 5x 10 18 cm -3 (Duchemin et al.: J. Electrochem. Soc. 
126, 1134 (1979)). The reasons reside in the facts that the thermal decomposition of silane is 

55 difficult and that in case of the supply of silane at a high concentration, reactions between the 55 
material gases occur so that the growth rate is decreased and the crystal surface is degraded. In 
like manner, in case of german (GeH 4 ) (Duchemin et al.), hydrogen selenide (H 2 Se) or hydrotjon 
sulfide (H 2 S) which are hydrides of Group VI elements, the n-type doping beyond 5x 10 ,; -cm 
has been impossible. (Bass and Oliver: International Simposium on GaAs and Related Com- 

60 pounds, St. Louis, 1976, edited by L. F. Eastman (Inst. Phys. Conf. Ser. No. 33b, London 1977), 60 
P.1). The reasons are that in case of supplying a doping gas at a high concentration, it reacts 
with material molecules in the vapor phase, resulting in the decrease in growth rate and the 
degradation of surfaces. Even in case of the p-type doping with dimethyl zinc and diethyl zinc 
which are organometallic compounds of Group II elements, it was impossible to dope beyond 

65 10 19 cm-" 3 (Aebi 'et al.: J. Cryst. Growth 55 (1981) 517). The reason is that in case of introduc- 65 
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tion of a doping gas at a high concentration, it reacts with materia! molecules in a gas phase, 
resulting in the decrease in grow rate and surface degradation. 

As a method for doping impurities only into a single atomic layer and forming a doped ill — V 
compound semiconductor thin film, an atomic layer doping method utilizing the MBE and MOCVD 
5 methods may be used. With an example in which GaAs which is a typical 111— V compound 5 
semiconductor is doped with a single atomic layer of Si, the MBE and MOCVD methods are 
explained. 

According to the MBE method, Ga and As are deposited on the surface of a GaAs substrate 
which is heated in a high vacuum. Thereafter, the Ga flux is interrupted so that the growth of 

10 GaAs crystals is stopped and Si flux are supplied with As flux. Next, Ga and As are deposited 10 
again, whereby a GaAs crystal doped with Si in a single atomic layer can be obtained. The 
maximum surface density available so far by this method is 5x10 l3 cnrr 2 (S. Sasa, S. Muto, K. 
Kondo, H. Ishikawa and S. Hiyamizu: Jpn. J. Appl. Phys. 24 (1985)L602). However, the supply 
of As and Si flux must be continued for longer than 300 seconds in order to such high surface 

15 density as described above, so that the Si atom doping efficiency is extremely low. 15 
According to the MOCVD method, an organic gallium compound and arsine together with the 
hydrogen carrier gas are supplied to the surface of heated GaAs substrate. Next, the supply of 
the organic gallium compound is interrupt and then arsine and silane are applied. Thereafter, 
arsine and the organic gallium compound are supplied gain, whereby a GaAs crystal doped with 

20 Si in a single atomic layer can be obtained. However, according to this method, the maximum 20 
surface density is extremely low and is less than 10 l2 cm~ 2 (H. Ohno, E. Ikeda and H.Hasegawa: 
Jpn. J. Appl. Phys 23 (1984) L369). The reason is that since the growth temperature is as high 
as 700°C so that Si atoms are diffused during the crystal growth, the diffusion of Si atoms 
cannot be interrupted only into a single atomic layer. 

25 In case of doping Si into GaAs by both the MBE and MOCVD methods, doping is carried out 25 
with excess As atoms; that is, doping is effected always into an As stabilized surface. When Si 
is doped into a Ga surface by a conventional method, the As beam or the supply of AsH 3 is 
interrupted so that As atoms having a high vapor pressure evaporate from the undersurface of 
the Ga surface, adversely affecting the surface smoothness of a thin film. As a result, it has 

30 been impossible to dope a Ga surface with Si. 30 
Meanwhile, according to the MOCVD method, as reported by T.K. Kuech et al. (Appl. Phys. 
Lett 44 (1984)986), the SiH 4 doping efficiency is significantly dependent upon the growth 
temperature and the higher the temperature, the higher the carrier concentration becomes. The 
experimental results show that when a temperature distribution exists in the surface of a 

35 substrate, the uniform doping in the surface cannot be attained as reported by Kuech et ai. In 35 
addition, in case of doping at higher concentration, the growth temperature must be raised. As a 
result, a profile cannot be distinctly defined due to the diffusion of doping atoms. 

As described above, according to the MBE and MOCVD methods, the adsorption power of 
doping molecules is weak so that elimination results. Consequently, a doping concentration is 

40 limited. 

According to the ALE method proposed by Suntola and the MLE method proposed by 
Nishizawa et al. f the purity of an undoped layer is considerably poor and the investigation of 
doping was not made so that the present invention is not compared with the ALE and MLE 
methods. 

45 The present invention was made to overcome the above and other problems and defect 

encountered in the prior art methods. An object of the present invention is to provide a method 
which can control the growth rate of a single atomic layer over the whole surface of a 
substrate, can grow high quality compound semiconductor films almost free from lattice defects 
and impurities, can grow hetero structures having an abrupt compositional change within one 

50 atomic layer and can be applied in a variety of fields. 50 
Another object of the present invention is to provide a method for forming compound semi- 
conductor thin films and hetero structures free from defects in surfaces and hetero boundary 
surfaces and less deep levels. 

A further object of the present invention is to provide a method for forming compound 

55 semiconductor thin films which can carry out a high concentration doping into a compound 55 
semiconductor at reactively low growth temperatures, can reduce the diffusion of dopants 
between a doping layer and an undoped layer to a minimum and can decrease defects in crystal 
surface, doping surfaces in crystals and hetero boundary surface. 

A yet further object of the present invention is to provide a device for forming not only high 

60 quality compound semiconductor thin films in which an epitaxial thin layer which is grown can be 6© 
controlled in thickness with an accuracy of a single atomic layer thickness and which are free 
from impurities and surface defects and hetero structures having an abrupt compositional change 
within one atomic layer but also compound semiconductor thin films which can be doped at a 
high concentration. . 

65 In the first aspect of the present invention, a preparation process of compound semiconductor do 
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thin films in which an organometallic compound containing an element of Group 111 or II and a 
hydride containing an element of Group V or VI are introduced over a heated substrate and are 
subjected to thermal decomposition, whereby a Hi — V or II-VI compound semiconductor is grown 
over the substrate, comprises: 
5 while normally flowing a first carrier gas and a hydride which is diluted to a first concentration 5 
at which the hydride does not chemically react with the organometallic compound to produce a 
lll-V or II-VI compound and which contains an element of Group V or VI; 

repeating a cycle consisting of a step for introducing over the substrate the hydride which is 
diluted with a second carrier gas at a concentration higher than the first concentration; 
10 a step for interrupting the introduction of the hydride at the second concentration; 10 

a step for introducing over the substrate an organometallic compound which is diluted with a 
third carrier gas and which contains an element of Group III or II; 

a step for interrupting the introduction of the organometallic compound; and 

a step for introducing a hydrogen halide which is diluted with a fourth carrier gas. 
15 Here, the first, second, third and fourth carrier gases may consist of hydrogen. The first 15 
concentration of the hydride may be a molar fraction of less than 4x 10~ 5 . 

The second concentration of the hydride may be a molar fraction of higher than 1 x10 -3 . The 
diluted concentration of the organometallic compound may be a molar fraction of higher than 
1 x 10" 4 . The concentration of the hydrogen halide may be a molar fraction of higher than 
20 1 x 10" 4 . The hydrogen halide may be hydrogen chloride. 20 

The temperature of the substrate may be maintained at a temperature higher than 400°C but 
lower than 600°C. Two kinds of organometallic compounds containing different metal elements 
may be introduced as the organometallic compound over the substrate. The organometallic 
compound may be an organometallic compound containing ethyl radicals. 
25 In the second aspect of the present invention, a preparation process of compound semicon- 25 
ductor thin films, comprises: 

while normally flowing over a substrate a hydrogen carrier gas and arsine (AsH 3 ) which is 
diluted to a first concentration at which the arsine does not chemically react with an organome- 
tallic compound to produce a lll-V compound; 
30 repeating a cycle consisting of a step for introducing over the substrate the arsine which is 30 
diluted with the hydrogen carrier gas to a second concentration; 

a step for interrupting the introduction of the arsine at the second concentration; 

a step for introducing over the substrate and organometallic compound which is diluted with 
the hydrogen carrier gas and which contains an element in Group III, thereby growing a thin 
35 compound semiconductor film over the substrate; and 35 

a step for introducing in any step of the cycle silane (SiH 4 ) together with the organometallic 
compound containing an element of Group III, thereby doping the compound semiconductor. 

In the third aspect of the present invention, a preparation process of compound semiconductor 
thin films, comprises: 

40 while introducing over a substrate a hydrogen carrier gas and a hydride which is diluted to a 40 
first concentration at which the hydride does not chemically react with an organometallic com- 
pound to produce a III— V compound and which contains an element in Group V; 

repeating a cycle consisting of a step for introducing over the substrate the hydride which is 
diluted with the hydrogen carrier gas to a second concentration higher than the first concentra- 
45 tion, 45 
a step for interrupting the introduction of the hydride at the second concentration, 
a step for introducing over the substrate an organometallic compound which is diluted with the 
hydrogen carrier gas and which contains an element in Group III, 

a step for interrupting the introduction of the organometallic compound, 
50 a step for introducing a hydrogen halide diluted with the hydrogen carrier gas and 50 
a step for interrupting the introduction of the hydrogen halide, thereby forming a thin com- 
pound semiconductor film over the substrate; and 

a step for introducing over the substrate the hydrogen gas together with a compound contain- 
ing an element in Group IV, VI or If thereby doping the compound semiconductor. 
55 Here, the compound containing an element in Group IV, V or II may be simultaneously 55 
introduced together with the organometallic compound containing an element in Group III. The 
compound containing an element in Group IV, VI or II may be introduced immediately after the 
interruption of the introduction of the Group HI element. 

The compound containing an element in Group IV, VI or II may be introduced immediately 
60 after the interruption of the introduction of the hydride diluted to the second concentration and 60 
kept to be introduced during all of the steps. 

The compound containing an element in Group IV may be silane (SiH 4 ). The molar fraction of 
the silane may be between 10 -7 and 10~ 3 . 

The above and other objects, effects, features and advantages of the present invention will 
65 become more apparent from the following description of preferred embodiments thereof taken in 65 
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conjunction with the accompanying drawings. 
Figure 1 is a view used to explain a conventional Metal-Organic Chemical Vapor Deposition 

(MOCVD) method; ^ ^ . . . u 

Figure 2 shows the distribution of the thickness of a compound semiconductor formed by the 

5 MOCVD method; . 5 

Figure 3 is a time chart illustrating the timing for the introduction of source elements in the 
conventional molecular layer epitaxial (MLE) method; 
Figure 4 is a view used to explain the conventional MLE method; 
Figure 5 is a view used to explain the underlying principle of the present invention; 
10 Figure 6 is a schematic view of an apparatus used to carry out the present invention; 10 
Figure 7 is a time chart illustrating the timing of the introduction of a source gas; 
Figure 8 shows the effect of the concentration of arsine which is normally made to flow 

figure 9 shows the effect of the concentration of arsine forming an As single atomic layer; 
15 Figure 10 shows the effect of the concentration of trimethyl gallium; 15 
Figure 7 7 is a diagram used to explain the effects of reducing surface defects densities 
depending upon the concentration of hydrogen chloride; 

Figure 72 is a diagram illustrating the dependence of growth on the growth temperature; 
Figure 13 shows the thickness distribution of GaAs grown by a method in accordance with ^ 
20 the present invention; 

Figure 14 is a view illustrating the dependence of the thickness of GaAs grown upon a source 

qas introduction cycle; . 

Figure 15A shows the surface defects of a GaAs epitaxial layer formed without the introduc- 
tion of hydrogen chloride; oc 
25 Figure 15B is an optical microscopic picture illustrating the surface defects of a cleavage 2b 

surface thereof; 

Figure 15C is a view used to explain Fig. 15B; 

Figure 16 is a graph illustrating the relations between the surface defect density of a grown 
layer and the growth temperature when hydrogen chloride is introduced and is not introduced; 
30 Figure 7 7 is a graph illustrating the relations between the photoluminescence intensity and the 30 
growth temperature when hydrogen chloride is introduced and when no hydrogen chloride is 

introduced; L *u ^ 

Figure 18 is a photoluminescence spectrum of a GaAs epitaxial thin film grown by a method 

of the present invention; „ 
35 Figures 19A and 19B are time charts illustrating the timing for introducing source gases in dt> 
case of forming a hetero structure composed by compound semiconductor; 
Figure 20 is a view illustrating a hetero structure formed; 
Figure 2 7 is a view used to explain an ordered alloy structure formed; 
Figure 22 is a time chart illustrating the timing for introducing source gases; 
40 Figure 23 is a graph illustrating the relation between the growth temperature and the concen- 40 

^ Figure 24 \s a graph illustrating the relation between the growth temperature and the electron 

concentration; r^uintw 

Figure 25 is a graph illustrating the relation between the temperature and the electron mobility ^ 

45 and the sheet carrier concentration; 

Figures 26A, 268 and 26C are views used to explain the underlying principle of the doping 
according to the present invention; 

Figure 27 is a time chart illustrating the timing of the introduction of a source gas; 

Figure 28 is a graph illustrating the relation between the molar fraction of silane and the carrier ^ 
50 concentration; 

Figure 29 is a graph illustrating the relation between the substrate temperature and the carrier 
concentration; 

Figure 30 is a view used to explain the effect of the introduction of HC1; 
Figure J 7 is a graph illustrating the relations between the molar fraction of silane and the 
55 carrier concentration; 

Figure 32 is a time chart illustrating the timing of the introduction of a source gas; 
Figure 33 is a graph illustrating the relation between the molar fraction of silane and the sheet 
carrier concentration; . 

Figure 34 is a graph illustrating the relation between the growth temperature and the sheet ^ 

60 carrier concentration; a^^a 
Figure 35 and Figure 36 are views illustrating the sheet earner concentration of the dopea 

surface * 

Figure 37 is a sectional view of a GaAs crystal having a highly doped layer; 
Fiqure 38 is a cross sectional view of a GaAs FET structure having a highly doped layer, 
65 Figures 39A 398 and 39C are time charts each illustrating the timing of the introduction ot 
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source gases in order to form a doped compound semiconductor with ternary alloy hetero 
structure; 

Figure 40 is a sectional view of a hetero structure compound semiconductor fabricated by a 
method of the present invention; 
5 Figure 4 7 is a time chart illustrating the timing for introducing source gases in case of the 5 
fabrication of a ternary alloy semiconductor; and 

Figure 42 is a sectional view of a hetero structure compound semiconductor which is fabri- 
cated by a method of the present invention and which is adapted to be used as a multi- 
quantum-well structured laser. 

10 Referring first to Fig. 5, the present invention will be described in connection with GaAs which 10 
is a typical III — V compound semiconductor. First, a small quantity of arsine which is diluted by a 
hydrogen gas carrier to a first concentration is made to normally flow over the surface of a 
GaAs substrate which is heated (Fig. 5(a)). Arsine is diluted to such an extent that even when it 
makes contact with trimethyl gallium (TMG), it does not react therewith to produce GaAs. Next 

15 arsine diluted to a second concentration higher than the first concentration and the hydrogen gas 15 
carrier are made to flow. Then, arsine is adsorbed by the Ga atoms on the surface of the 
substrate and is subjected to the thermal decomposition to free As atoms which in turn 
combines with Ga atoms, whereby a single As atomic layer is formed over the surface of the 
substrate (Fig. 5(b)). Such adsorption and decomposition continue until the whole surface of the 

20 substrate is covered with a single As atomic layer. Once the single As atomic layer is formed 20 
the succeeding arsine is not adsorbed and discharged out of the system because the adsorption 
power between As atoms and arsine is weak. Next, the introduction of arsine of the second 
concentration is interrupted and trimethyl gallium (TMG) diluted by hydrogen is introduced (Fig. 
5(c)). TMG is strongly adsorbed by the single As atomic layer over the surface of the substrate 

25 and is subjected to the thermal decomposition so that Ga atoms are combined with As atoms, 25 
whereby a single Ga atomic layer is formed over the single As atomic layer. That is, a single 
GaAs molecular layer is formed over the surface of the substrate. Since adsorption of trimethyl 
gallium by Ga atoms is weak, trimethyl gallium which is introduced after the formation of the 
single Ga atomic layer is discharged out of the system, but part of it is decomposed on the 

30 single Ga atomic layer so that the two-layer structure of Ga atoms is partially formed. 30 
Next hydrogen chloride diluted with hydrogen is introduced (Fig. 5(d)) so that the Ga atoms on 
the surface of the substrate combine with chlorine atoms and the Ga atoms at the upper portion 
of the two-layer structure having a weak Ga— Ga bonding strength are discharged out of the 
system in the form of gaseous GaCL Thus, a single GaAs molecular layer is formed over the 

35 surface of the substrate. Upon interruption of the introduction of hydrogen chloride, the CI atoms 35 
combined with the Ga atoms are freed therefrom and recombine with the hydrogen atoms in the 
carrier gas or the hydrogen atoms resulting from the thermal decomposition of arsine so that 
they are discharged out of the system in the form of gaseous HCI. 

Thereafter, the introduction of arsine diluted with hydrogen to the second or high concentra- 

40 tion, the introduction of trimethyl gallium diluted with hydrogen and the introduction of hydrogen 40 
chloride diluted with hydrogen are repeated in the order named so that a single GaAs molecular 
layer is uniformly formed over the whole surface of the GaAs substrate during each cycle. 

According to the method of the present invention, dilute arsine is made to flow always 
through the process chamber so that the desorption of As from GaAs grown can be prevented. 

45 Furthermore, the hydrogen gas is forced to normally flow through the process chamber so that 45 
the methyl radicals resulting from the decomposition of trimethyl gallium are reduced by hydro- 
gen to become methane. Since methane thus produced is not trapped by a compound no 
carbon acceptor is formed. A portion above the single atomic layer formed partially during the 
formation of a Ga surface is easily freed in the form of gallium chloride having a high vapor 

50 pressure by introducing hydrogen chloride. Thus, the perfect formation of each single atomic 50 
layer is ensured. So far, arsine, trimethyl gallium and hydrgen chloride have been described as 
being introduced in the order named repeatedly but even when trimethyl gallium, hydrogen 
chloride and arsine are introduced in the order named, repeatedly, the same reaction processes 
as described above are obtained except that trimethyl gallium is strongly adsorbed by the As 

55 atoms over the surface of a GaAs substrate and then is subjected to decomposition, whereby a 55 
single Ga atomic layer is formed. 

So far, in order to eliminate the two-layer structure of Ga, HCI is used, but it is understood 
that other hydrogen halides such as hydrogen fluoride HF, hydrogen bromide HBr may be used. 
When HF is used, a process chamber must be made of a material which is not attacked by 

60 fluorine. 60 
In addition, so far it has been described that as the best method, hydrogen is used as a 
carrier gas for introducing arsine, trimethyl gallium and hydrogen chloride, but even when inactive 
gas such as helium He or argon Ar is used as a carrier gas, the desorption of As from GaAs 
grown can be prevented when dilute arsine is normally introduced. As a result, vacancies are 

65 * lade so that even when the methyl radicals are not reduced, carbon atoms can be 65 
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prevented from being trapped into a grown compound film. 

Fig. 6 is a schematic view of an apparatus used to carry out the present invention. Reference 
numeral 1 designates a substrate; 2 a reaction chamber; 3, a substrate holder; 4, a heating 
device such as a high frequency induction coil; 5, a pipe line; and V r V 12 , valves. The valves V t 
5 and V 2 are so adjusted that a small quantity of hydride of an element in the group V which is 5 
diluted by a carrier gas and the carrier gas are always made to flow through the reaction 
chamber 2. The valves V 3 -V 12 are used to introduce source gases for forming a compound 
semiconductor, hydrogen halide to be described in detail hereinafter and an impurity gas used for 
doping into the reaction vessel 2. Such gases in Fig. 6 are described as example. The valves 

10 V 3 -V 12 are controlled by a control unit 6 so that a predetermined gas is introduced in a 10 
predetermined quantity and a for a predetermined time interval into the reaction vessel 2. 
Reference numeral 7 designates a pipe line for discharging the gases. The reaction vessel 2 
shown in Fig. 6 is a vertical type, but it is of course possible to use a horizontal reaction vessel. 
With the reaction apparatus of the type described, special care has been directed to permit the 

15 flow of the carrier gas in large quantities at a high flow rate and to the suppression of the 15 
turbulent flows. In the apparatus, a source gas can be replaced by another source gas with in 
0.1 second. 

EXAMPLE 1 

20 A thin GaAs film was grown over the surface of a GaAs substrate by the apparatus shown in 20 
Fig. 6. The substrate was a single crystal and the film was grown over the (100) surface 
thereof. Arsine AsH 3 was used as a hydride of an element in Group V while trimethyl gallium 
(CH 3 ) 3 Ga was used as an organic metal compound containing an element in Group III. 

Fig. 7 is diagram illustrating the timing of the introduction of AsH 3 , TMG and HCl over the 

25 surface of the substrate and one cycle is defined as consisting of t,-t 4 . 25 
First, arsine which is made to flow together with hydrogen gas through the duration of the 
growth will be described. Arsine is used to prevent the evaporation of As from GaAs grown 
and its concentration is so controlled that it will not react chemically with trimethyl gallium to 
form GaAs. In the static state, the surface of the substrate (solid phase) and the vapor phase 

30 are in a state of equilibrium so that a partial pressure of As in the vapor phase is uniquely 30 
defined at a given temperature. However, the actual growing process is dynamic so that an 
equilibrium dissociation pressure of As at a given temperature must be always maintained. 
Thermal composition efficiency of arsine which supplies As is most greatly dependent upon 
temperatures. Strictly speaking, the thermal decomposition efficiency is dependent upon a resi- 

35 dence time of arsine over the surface of a substrate; that is, on a hydrogen flow rate, but the 35 
degree of dependence is very small. Fig. 8 shows the dependence of GaAs grown over the 
surface of substrate upon variations in arsine concentration when the temperature of the sub- 
strate was varied; the hydrogen flow rate was maintained a constant value of 10 1/min; arsine 
was normally made to flow; and trimethyl gallium with a molar fraction 1 x 10" 4 was mtermit- 

40 tenly flown at a time interval of one second for 3600 times. The growth of GaAs was measured 4C 
by observing the cleavage surface with a scanning electron microscope (X50,000). As is seen 
from Fig. 8, the growth of GaAs was not confirmed at 400°C when the molar fraction of AsH 3 
ranges from 0 to 1 x 10~ 4 . As the temperature was increased, the arsine concentration to which 
GaAs was not grown was decreased. At 500°C, GaAs was grown when the molar fraction of 

45 AsH 3 exceeded 4x 10~ 5 and at 550°C, GaAs was grown when the molar fraction of AsH n 4E 
exceeded 2x 10" 15 . When the molar fraction of AsH 3 was maintained constant, the higher the 
temperature, the higher the growth rate becomes. When the temperature of the subsirate 
exceeds 550°C, trimethyl gallium is decomposed so that Ga is condensed on the substrate. 
The above-described experimental results show that it is preferable that the concentration (the 

50 first concentration) of arsine which is flown together with the hydrogen carrier gas through the 5fc 
duration of the growth does not excess 4x 10" 5 and more particularly less than 2.- H) 

Next, arsine which is diluted to the second concentration in order to form a singt*- As atomic 
layer over the surface of substrate will be described. 

The substrate is maintained at a constant temperature of 450°C; the hydrogen f!cc mto is 

55 maintained at a constant value of 10 l/min; and arsine with a molar fraction of 1 ■ ■<> >s made 5- 
to flow together with the hydrogen carrier gas. Arsine and trimethyl gallium (TMG) molar 
fraction of 1 xlO" 4 and HCl are alternately introduced at a time interval of one sec - : is shown 
in Fig. 7. Fig. 9 shows the results obtained when the thickness of GaAs film grov*. . • ' the 
surface of a substrate after 3600 cycles was measured while the concentration o: - was 

60 varied. It is seen that first the growth of the GaAs film is increased with increase oo 
concentration of arsine, but it remains at a constant thickness of 1.02/im when th. > r 
fraction exceeds 1 x 10" 3 . This means that the GaAs film grows at a rate of 2.83- : • - :yde 
which corresponds to the thickness of one GaAs molecular layer. In view of the ac a is 
preferable that the second concentration of arsine is 1 x 10" 3 or more. In the exp*.-< * :.:s. no 

65 variation in the growth of the GaAs film was not observed even when the arsine n c action 
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period was changed to two, three, four and five seconds. 

Next, trimethyl gallium for the formation of a single Ga atomic layer will be described. 
As in the case of arsine described above, the substrate temperature was maintained at 450°C; 
the flow rate of hydrogen was maintained at 10 l/min; and the molar fraction of arsine which is 
5 flown always was maintained at 1 x 10~ 5 . According to the timing chart as shown in Fig. 7, 5 
trimethyl gallium and arsine of a molar fraction of 1 x 10~ 3 and HCI were alternately introduced 
over the surface of the substrate for 3600 cycles and then the thickness of the grown thin film 
was measured. The thickness of the grown thin film varied as shown in Fig. 10 depending upon 
the concentration of trimethyl gallium. The thickness remains at a constant value of 1.02/im 

10 when the molar fraction is jn excess of 1 x 10~ 4 . This means that the GaAs single molecular 10 
layer is increased by 2. 83 A per cycle. No variation in the growth was observed even when the 
trimethyl gallium introduction time was increased up to five seconds in each cycle. 

Arsine which is normally kept to be introduced together with hydrogen, arsine for forming an 
As atomic layer and TMG have been already described. Therefore, hydrogen chloride for forming 

15 a single Ga atomic layer will be described. The temperature of the substrate was maintained at 15 
450°C; the hydrogen flow rate was maintained at 10 l/min; the molar fraction of arsine which 
was normally kept to be introduced was maintained at 1 x 10~ 5 ; the molar fraction of trimethyl 
gallium was maintained at 1 x 10~ 4 . Arsine of the molar fraction of 1 x 10" 3 , trimethyl gallium of 
a molar fraction of 1 x 10~ 4 and hydrogen chloride whose concentration was varied were se- 

20 quenttally at a time interval of one second introduced over the surface of the substrate as 20 
shown in Fig. 7 and this cycle was repeated 3600 cycles. The thickness and the surface defects 
of the thin film thus grown were measured. The thickness remained at a constant value of 
1.02/zm independently of the concentration of hydrogen chloride introduced. This means that the 
thickness was increased by 2.83A during each cycle and corresponds to the thickness of one 

25 GaAs molecular layer. Next, as shown in Fig. 11, the surface defect density decreases in 25 
response to the introduction of hydrogen chloride. More particularly, in case of the introduction 
of arsine not accompanied with hydrogen chloride after the introduction of TMG, the surface 
defect density is about 600cm*" 2 , but the surface defects are reduced when hydrogen chloride of 
a molar fraction of less than 5x 10~ 5 is introduced for a time interval of one second after the 

30 introduction of TMG. When the molar fraction of hydrogen chloride is in excess of 1 x 10"* 1 , the 30 
surface defect density is reduced to about 100cm -2 and remains at a constant value. In view of 
the above, it is preferable that the molar fraction of hydrogen chloride is in excess of 1 x 10~ 4 . 

The growth temperature (that is, the temperature of the substrate) was varied by the heating 
device of the apparatus shown in Fig. 6 in order to investigate the influence on growth of the 

35 growth temperature. The hydrogen flow rate was maintained at 10 l/min; the molar fraction of 35 
arsine which was forced to normally flow was maintained at 1 x 10~ 5 ; the molar fraction of 
arsine which was intermittently introduced was maintained at 1 x10~ 3 ; the molar fraction of 
trimethyl gallium was maintained at 1x10~ 4 ; and the molar fraction of hydrogen chloride was 
maintained 1 x 10~ 4 . The introduction time interval of these source gases was one second as 

40 shown in Fig. 7. The growth in terms of thickness after 3600 cycles is shown in Fig. 12. when 40 
the growth temperature is 300°C, no growth is observed, but when the growth temperature 
exceeds 350°C, the thickness becomes about 1^m. When the growth temperature is within a 
range between about 400°C and about 600°C, the growth in terms of thickness becomes 
1 .02pm which corresponds to the thickness of a single GaAs molecular layer per cycle. How- 

45 ever, when the growth temperature rises above 600°C, the growth is decreased. In view of the 45 
above, it is preferable that the growth temperature is 400— 600°C. 

Referring back to Fig. 7, t 4 is a time interval required for purging an excess quantity of 
hydrogen chloride so that it can be eliminated. On the other hand, a purging period may be 
assigned immediately after the introduction (t,) of arsine with the second concentration and after 

50 the introduction (t 2 )' of trimethyl gallium. Then, it becomes possible to flow only a small quantity 50 
of AsH 3 diluted with hydrogen to the first concentration in the purging periods. 

Fig. 13 shows the thickness measured in the longitudinal direction of a GaAs film grown .ifrer 
3600 cycles each of which consists of the introduction for one second of arsine at a moir 
fraction of 1 x10~ 3 and the introduction for one second and of trimethyl gallium at a mola' 

55 fraction of 1 x10~ 4 and introduction for one second of HCI at a molar fraction of 1x10 .. r ^ ! ** 55 
the growth temperature at the (100) surface of GaAs over which the GaAs film was grov. r .-. .is 
maintained at 450°C; the hydrogen flow rate is maintained at 10 l/min; and the molar fra- * of 
arsine which was always made to flow was maintained at 1 x 10~ 5 . The measurement w i ■ 
over the cleavage surface by a scanning electron microscope. 

60 The thickness of the grown film was uniform and the decrease in thickness of the grov. • •" :m 60 
from the upper stream end to the downstream end of the substrate, which is often obse* . : 
case of a thin film grown by the conventional MOCVD method, was not observed. That i 
thin film was grown uniformly over the whole surface of the substrate. The growth rate 
cycle was 2.83A which indicates the fact that the growth of a single GaAs molecular layer s 

65 realized. Under the same conditions described above with reference to Fig. 13, the dependence 65 
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of the thickness of the grown thin films on a number of cycles was investigated and the 
experimental results are shown in Fig. 14. It is seen that the thickness of grown films is 
dependent on number of cycles repeated and that the growth rate per cycle is estimated at 
2 83A which also indicates a single molecular layer growth due to a single atomic layer growth. 
5 So far, as shown in Fig. 7, the cycle consisting of the introduction of AsH 3 , the interruption of 5 
the introduction thereof, the introduction of TMG and the interruption thereof, the introduction of 
HCI and the interruption thereof have been explained, but it is understood that even when a 
cycle starting from the introduction of TMG is used, the growth of a compound is substantially 
similar to that described above. 

10 The carrier concentration obtained from the electric characteristics of the grown layer was p- 10 
type 10 17 crrr 3 and the purity was improved by a factor of two compared with the thin films 
grown by the conventional methods. This means that methyl radicals resulting from the thermal 
decomposition of trimethyl gallium are reduced by hydrogen introduced in accordance with the 
present invention as shown in (1) below and become methane so that carbon is not incorpor- 

15 ated into crystals. 



3 

(CH 3 ) 3 Ga + -H 2 >3CH 4 + Ga (1) 

2 



20 



30 



3 

(C 2 H 5 ) 3 Ga >3C 2 H 4 4--H 2 + Ga (2) 

2 



15 



20 



Furthermore, the photoluminescence intensity is satisfactorily comparable with a specimen which 
is fabricated by the liquid phase epitaxial growth method and which has the same carrier 
concentration. This means that the layers grown in accordance with present invention have a 
high quality and are almost free from crystal defects. The reason is that the evaporation of As 
25 from the grown layer is prevented. Furthermore, the evaporation of As can be also prevented 25 
when the first diluted concentration of arsine is 1 x 10" 6 in terms of molar fraction. 

In addition, when triethyi gallium is used instead of trimethyl gallium, the electric property of 
the grown layer becomes n-type 10 l4 cm~ 3 and consequently the purity can be further improved. 
In case of triethyi gallium, the following chemical reaction results 



30 



35 That is ethylene is produced and essentially carbon is not likely to be incorporated in crystals. 35 
As a result, a grown layer with a further high degree of purity can be obtained as compared 
with the case in which trimethyl organometailic compounds are used. 

This indicates that a thin film which is being grown is always surround with an AsH 3 atmos- 
phere so that the evaporation of As from the crystal is prevented and consequently there exists 

40 no vacancy for receiving a carbon acceptor. In addition, the metyl radicals resulting from the 40 
thermal decomposition of trimethyl gallium are reduced by hydrogen to become methans which 
is hardly trapped by a crystal. 

When triethyi gallium is used instead of trimethyl gallium, the electric property of the grown 
layer becomes n-type 10 u cnrr 3 , thereby further improving purity. 

45 Next the effect of reducing the surface defects by the introduction of hydrogen chloride will 4b 
be described. As described above, when trimethyl gallium is introduced, a two-layer structure of 
Ga-Ga is partially formed. When arsine is introduced without being accompanied by hydrogen 
chloride to form an As layer, anti-site defects result, defining a deep level because Ga in the 
second layer occupies the position of As. The anti-site defects cause abnormal defects which 

50 are observed as surface defects. Figs. 15A-15C show the surface defects observed at the bw 
surface of a GaAs epitaxial layer (2.03^m in thickness) obtained when the temperature of a 
substrate was maintained at 450°C; the hydrogen flow rate was maintained at 10 l/min; the 
molar fraction of arsine which was forced to normally flow was maintained at 1x10 \ the 
molar fraction of trimethyl gallium was maintained at 1 x 10"*; the molar fraction of tnmmhyl 

55 gallium was maintained at 1 x 10~ 3 and when a cycle consisting of alternate introduction for one 
minute of trimethyl gallium and rich arsine was repeated 7200 times. Fig. 15A is an anneal 
microscopic photograph of the surface of the epitaxialiy gown layer (x81 1); Fig. 15R snows an 
optical microscopic photograph (x2040) of a cleavage surface thereof; and Fig. 15C - * view 
used to explain Fig. 15B. 60 

60 This surface defect was caused by the abnormal growth due to the anti-stte dete-j 

When hydrogen chloride is introduced after the introduction of trimethyl gallium, G.: :ho 
second layer of the two-layer structure of Ga-Ga is combined with CI so that the u\<-- oyer 
structure is eliminated and consequently the surface defects and a deep levels are ro.-jLj.id ng. 
16 shows the comparison between the surface defect densities of GaAs epitaxial lay^* «.A> una 

65 (B) The layer (A) was grown by the method described above with reference to Fig. :o m wmcn 
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the substrate temperature was varied; that is, the method in which no hydrogen chloride is 
introduced after the introduction of trimethyl gallium. The layer (B) was grown under the same 
conditions as described above except that hydrogen chloride of a molar fraction of 1 x 10" 4 was 
introduced for a time interval of one second after the introduction of trimethyl gallium. The 
5 surface defect densities were measured by observing the surfaces of the GaAs layers (A) and 5 
(B) through an optical microscope. As is apparent from Fig. 16, the number of surface defects 
of the GaAs layer grown by introducing hydrogen chloride is about 1/10 of the number of 
surface defects of the GaAs layer grown without the introduction of hydrogen chloride over the 
whole growth temperature range. A noteworthy feature is that the number of surface defects 

10 will not increase until the growth temperature rises above 600°C. 10 
The deep level which is associated with the surface defects traps minority carriers in the 
epitaxially grown GaAs layer so that their life time is shortened. As a result, the photolumines- 
cence intensity is decreased. Fig. 17 shows the photoluminescence intensities measured when 
an argon-ion laser beam was irradiated at room temperature on a GaAs film (A) grown without 

15 the introduction of hydrogen chloride and on a GaAs film (B) grown by introducing hydrogen 15 
chloride. The GaAs layers were grown under the same conditions as described above with 
reference to Fig. 16. The photoluminescence intensity is normalized in terms of a carrier concen- 
tration n. The relative intensity is plotted along the ordinate and the unit of intensity is photolu- 
minescence intensity of a GaAs layer which is fabricated by the liquid-phase epitaxial method 

20 and which is considered to have the best crystal properties among the epitaxially gown GaAs 20 
layers available at present. It is seen from Fig. 17 that the photoluminescence intensity of the 
GaAs layer grown by introducing hydrogen chloride is more than 50 times as high as that of the 
GaAs layer grown without the introduction of hydrogen chloride. When the growth temperature 
is in excess of 450°C, the photoluminescence intensity becomes substantially equal to that of a 

25 layer grown by the liquid-phase epitaxial method. This shows that the GaAs film grown by the 25 
method of the present invention exhibits perfect crystal properties. Fig. 18 shows an example of 
photoluminescence intensity at 4.2K of a GaAs epitaxial layer grown by introducing hydrogen 
chloride under the same conditions as described above with reference to Fig. 15 except that the 
growth temperature was maintained at 550°C. 

30 30 
EXAMPLE 2 

In addition to GaAs films III— V compound semiconductor thin films were grown. 
Trimethyl aluminum (CH 3 ) 3 AI and arsine AsH 3 were used as source gases and AlAs thin films 
were grown on the (100) surface of AlAs substrates. The introduction of source gases was 

35 substantially similar to that described above with reference to Fig. 7 except that TMG was 35 
replaced by TMA (of a molar fraction of 1 x 10 -4 ). The concentrations of AsH 3 and HCI were 
same and the introduction time intervals of AsH 3 and HCI were same and the introduction time 
intervals t,-t 4 were one second respectively. The growth in terms of thickness of a thin film 
grown at 450°C after 3600 cycles was 1 .02/xm and a single AlAs molecular layer was formed 

40 during each cycle. 40 
In order to grow a GaP film, phosphin PH 3 may be used as a hydride while trimethyl gallium 
TMG may be used as an organometallic compound. Under the conditions that PH 3 was main- 
tained at a first concentration (at a molar fraction of 1 x 10 -5 ) and at a second concentration (at 
a molar fraction of 1 x 10" 3 ); TMG was maintained at a molar fraction of 1 x 10 -4 ; and hydrogen 

45 chloride was maintained at a molar fraction of 1 x 10~ 4 , a thin film was grown over the (100) 45 
surface of a GaP substrate by repeating the source gas introduction cycle (in which each source 
gas was introduced for a time interval of one second as in the gases of the growth of the AlAs 
thin film) 3600 times at the growth temperature of 450°C. The growth in terms of thickness 
was 0.98//m and it was observed that a single GaP molecular layer was formed during each 

50 cycle. 50 
By using trimethyl indium (CH 3 ) 3 ln (at a molar fraction of 1 x 10" 4 ) and stibine SbH 3 (at a molar 
fraction of 1 x 10~ 5 and at a molar fraction of 1 x 10~ 3 ), a thin film was grown over the (100) 
surface of an InSb substrate at the growth temperature of 450°C by repeating the source gjs 
introduction cycle same as that in the growth of the above-described GaP thin film 3600 timf.-s 

55 The growth in terms of thickness was 1.17//m and a single InSb molecular layer was formed 55 
during each cycle. 

In like manner, an AIP thin film can be grown by using (CH 3 ) 3 AI and PH 3 ; and AlSb thin dir. 
by using (CH 3 ) 3 AI and SbH 3 ; a GaSb thin film, by using (CH 3 ) 3 Ga and SbH 3 ; an InP thin film, hv 
using (CH 3 ) 3 ln and PH 3 and an InAs thin film, by using (CH 3 ) 3 ln and AsH 3 . After the growth 

60 3600 cycles, the AIP thin film was 0.98//rn in thickness; the AlSb thin film was 1.10/zm in 60 
thickness; the GaSb thin film was 1.10//m in thickness; the InP thin film was 1 .06//m in 
thickness; and the InAs thin film was 1.09//m in thickness. In any case, the thin film was grown 
uniformly over the whole surface of the substrate and was free from vacancies of V Group 
elements, thus excluding the carbon acceptors. 

65 As in the case of the growth of GaAs films, when triethyl gallium, triethyl aluminum or triethyl 65 
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cycle. 



In any ucj&ts, mc n mi immi wcj_> uiinwii<>< r ..... — ... 

was free from vacancies of the elements of Group VI, thus almost eliminating carbon impurities, 
35 whereby the thin film with a higher degree of purity was obtained. When (C 2 H 5 ) 2 Zn or (C 2 H 5 ) 2 Hg Jt> 
is used instead of (CH 3 ) 2 Zn or (CH 3 ) 2 Hg, the inclusion of carbon impurities can be further 
reduced. 

The effects of the growth temperature and the concentrations of the source gases were 
substantially similar to those attained in EXAMPLE 1 described above and when hydrogen 
40 chloride was introduced after the introduction of an element of Group II, ll-VI compound w 
semiconductor thin films having a high degree of crystal properties were obtained. 

In EXAMPLES 1-3 the substrates were prepared from a single crystal, but it is understood 
that polycrystal substrates may be used depending upon kinds and uses of compound semicon- 
ductors grown. 45 



any case, the thin film was uniformly grown over the whole surface of the substrate and 



45 
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indium is used as an organometallic compound, crystals with a higher degree of purity can be 

^The effects of the growth temperature and the concentration of the source gases are substan- 
tially similar to those attained in EXAMPLE 1 . Because of the introduction of hydrogen chloride 
5 after the introduction of an element in Group III, III— V compounds which were free from surface 
defects and had deep levels and high quality crystal properties were obtained. 

present invention can be equally applied to the growth of ll-VI compound semiconduc- 

10 t0 By using dimethyl zinc (CH 3 ) 2 Zn as an organometallic compound while hydrogen sulfide H 2 S as 
a hydride, a ZnX thin film was grown over the (100) surface of an ZnS substrate. The growth 
temperature was maintained at 450°C; the hydrogen carrier gas flow rate was maintained at 10 
l/min- the molar fraction of H 2 S which was forced to normally flow was maintained at 1 x 10 5 ; 
15 the molar fraction of H 2 S for growing a single S atomic layer was maintained at 1 x 10" ; the 15 
molar fraction of (CH 3 ) 2 Zn was maintained at 1 x 10" 4 ; and the molar fraction of hydrogen 
chloride was maintained at 1 x 10~ 4 . The introduction time interval of each source gas was one 
second as shown in Fig. 11. After 3600 cycles, the thickness of the grown thin film was 
0 97um and the increase in thickness per cycle corresponds to a single molecular layer 
20 By using dimethyl zinc (CH 3 ) 2 Zn and H 2 Se, a ZnSe thin film was grown over the (100) surface 20 
of a ZnSe substrate. The growth temperature was maintained at a 450°C; the hydrogen flow 
rate was maintained at 10 l/min; the molar fraction of H 2 Se which was forced to normally flow 
was maintained at 1 X 10" 5 ; the molar fraction of H 2 Se for forming a single Se atomic layer was 
maintained at 1 x 10" 3 ; the molar fraction of (CH 3 ) 2 Zn was maintained at 1 x 10-<; and the molar 
25 fraction of hydrogen chloride was maintained at 1 x 10"*. The source gases were introduced at a 25 
time interval of one second. After 3600 cycles, the growth in terms of thickness was 1.02//m 
and a single ZnSe molecular layer was formed during each cycle. 

By using dimethyl mercury (CH 3 ) 2 Hg as an organometallic compound and H 2 Se as a hydr.de, an 
HqSe thin film was grown over the (100) surface of a HgSe substrate under the same conditions 
as those in the growth of the ZnSe film described above. After 3600 cycles, the growth in 30 
terms of thickness was 1.1 O^m and a single HgSe molecular layer was formed during each 



EXAMPLE 4 

By using the apparatus as shown in Fig. 6, an AI 05 Ga 05 As ternary alloy semiconductor thin 
film was grown over the (100) surface of a GaAs substrate. 
The hydrogen flow rate was maintained at 10 l/min; the molar fraction of arsine which was 

50 forced to normally flow was maintained at 1 x 10~ 5 ; and a cycle consisting of the introduction bu 
for a time interval of one second arsine at a molar fraction of 1 x 10" 3 for growing a single 
atomic layer; the introduction for a time interval of one second of a mixture gas of trimethyl 
□allium and trimethyl aluminum (TMA) both at a molar fraction of 5x10" 5 ; and the introduction 
and interruption for a time interval of one second, respectively, of hydrogen chloride at a molar 

55 fraction of 1 x 10- 4 was repeated 3600 times at the growth temperature of 450 C. The grown do 
laver was 1.02^m in thickness and an AI 05 Ga 05 As single molecular film was grown dunng eacn 
cycle Because of the introduction of hydrogen chloride after the introduction of the mixture gas 
of TMG and TMA, a ternary alloy crystal thin film free from surface defects was obtained. 

60 Bv usinq arsine AsH 3( trimethyl gallium (TMG) and trimetyl aluminum (TMA) as source gases, a 
compound semiconductor thin film of an Al os Ga 0 . 5 As-GaAs-AI 05 Ga 0 . 5 As hetero structure was 
qrown over the (100) surface of a GaAs substrate. 

The hydrogen flow rate was maintained at 10 l/min; the molar fraction of arsine which was 

65 forced to normally flow was maintained at 1 x 10"*; and arsine, TMG, TMA and hydrogen 
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chloride for forming single atomic layers were maintained at molar fractions of 1 x 10~ 3 , 1 x 10~ 4 , 
1 x10 -4 and 1 x 10~\ respectively. As shown in Fig. 19A, a cycle consisting of the introduction 
for a time interval of one second of arsine, the introduction for a time interval of one second of 
TMG, the introduction for a time interval of one second and the interruption for a time interval 
5 of one second of hydrogen chloride, the introduction for a time interval of one second of arsine, 5 
the introuduction for a time interval of one second of TMA and the introduction for a time 
interval of one second of hydrogen chloride was repeated 100 times and a cycle which consists 
of the introduction of arsine, the introduction of TMG and the introduction of hydrogen chloride 
as shown in Fig. 19B was repeated 10 times. Thereafter, the first-mentioned cycle was repeated 

10 further 100 times. 10 
By the above-described process, a hetero structure which is substantially similar to that shown 
in Fig. 20 was fabricated and a thin GaAs layer serves as a quantum well. 

The wavelength of light emitted from the quantum well was 710nm and the half-width was 
6meV which is extremely narrow as compared with the half-width of 30meV expected from the 

15 surface roughness of one atomic layer at the hetero interface. This fact shows that the hetero 15 
interface has no surface roughness. In addition, due to the introduction of hydrogen chloride, the 
defects of the hetero interface can be reduced so that the half-width becomes narrower. 
Furthermore, because of the decrease of deep levels, the light emitting efficiency is increased. 
In case of a two-dimensional electron gas structure which is fabricated by a conventional 

20 method and in which the electrons travel along the hetero interface, the electrons are scattered 20 
by the surface roughness of the hetero interface so that the mobility is by far lower than a 
theoretical value. However, in case of the hetero interface fabricated by the method of the 
p resen t invention, the scattering of electrons due to the surface roughness of the hetero 
interface can be substantially eliminated and especially the roughness of the interface is de- 

25 creased due to the introduction of hydrogen chloride so that the two-dimensional electron gas 25 
mobility can be remarkably improved. 

In addition, according to the present invention, it becomes possible to grow AI 025 Ga 0 . 5 As 
ternary alloy crystals as shown in Fig. 21 in which the atoms are orderly arranged by utilizing 
the controllability of a single atomic layer. The electrical and optical characteristics of ordered 

30 ternary alloy semiconductor thus grown are by far superior to those of the conventional alloy 30 
semiconductor in which the atoms in the same periodic Group are statistically randomly ar- 
ranged. For instance, in case of a conventional alloy semiconductor, the conduction electrons are 
scattered by the potential field produced by the atoms arranged randomly so that the mobility is 
low, but in case of an ordered ternary alloy semiconductor which is fabricated by the method of 

35 the present invention and in which the atoms are arranged orderly, the potential field becomes 35 
periodic so that the mobility can be significantly improved. Especially when hydrogen chloride is 
introduced after the growth of Ga and Al surfaces, the disturbance of the potential field can be 
effectively prevented. 

Next, the high concentration doping of III — V compound semiconductor thin films will be 
40 described. First the effects or advantages attained from the introduction of a halide will be 40 
described. 

EXAMPLE 6 

A thin GaAIAs ordered ternary alloy semiconductor thin film highly doped with Si was grown 

45 in the apparatus shown in Fig. 6. The (100) surface of a GaAs single crystal was used as a 45 
substrate; triethyl gallium (TEG), triethyl aluminum (TEA) and arsine (AsH 3 ) were used as source 
gases; silane (SiHJ was used as a dopant; and hydrogen (H 2 ) was used as a carrier gas. The 
source gases and the dopant gas were introduced over the surface of the substrate according to 
the timing chart shown in Fig. 22. That is, three GaAs molecular layers were grown by flowing 

50 the hydrogen at a rate of 10 l/min, normally flowing arsine at a molar fraction of 1 x 10~ 5 and 50 
repeating a cycle consisting of the introduction of arsine at a molar fraction of 1 x 10~ 3 and TEG ' 
at a molar fraction of 1 x 10" 4 at a time interval of one second three times. Thereafter arsine at 
a molar fraction of 1 x 10~ 3 and TEA at a molar fraction of 1 x 10 -4 were introduced at a time 
interval of one second, whereby one AlAs molecular layer was grown. When the three GaAs 

55 layer and one AlAs layer are grown alternately in the manner described above, an ordered alloy 55 
crystal of Ga 0 75 Al 0 2S As can be grown. The fact that the grown thin film was grown by the 
growth of single molecular layers was confirmed by the correspondence between the numbor of 
grown layers and the thickness of the grown film. The fact that the grown crystal is an oniored 
crystal was confirmed from the results of the analysis of the X-ray diffraction. In order to dope 

60 with Si, SiH 4 was mixed with TEG when the intermediate layer of the three GaAs layers was 60 
grown. The Si concentration in a thin film grown under the conditions that the molar fraction of 
SiH d was maintained at 2.5 x 10~ 7 and the growth temperature was varied was measured by a 
secondary ion mass spectrometer. The results are shown in Fig. 23 in which the concentration 
of carbon which is an impurity resulting from TEG or TEA is also shown. As is seen from Fig. 

65 23, according to the method of the present invention, a high doping concentration or a high Si 65 



13 



GB2 192 198A 



13 



concentration of about 10 l8 cm- 3 can be attained at a substrate temperature higher than 500°C. 
Furthermore, no carbon is detected in this films grown in the above-described growth tempera- 
ture range. 

Fig. 24 shows the carrier concentration at room temperature and Fig. 25 shows the variations 
5 in sheet carrier concentration and electron mobility in response to the growth temperature. As 5 
shown in Figs. 23, 24 and 25, according to the method of the present invention, it becomes 
possible to dope an ordered ternary alloy semincoductor of GaAIAs with Si at such a concentra- 
tion which is satisfactory in practice, at relatively low processing temperatures from 500 to 
650°C. 

10 Referring next to Figs. 26A-26C, the reason why such a high carrier concentration can be 10 
attained will be described. When triethyl gallium and silane are simultaneously introduced while 
an extremely small quantity of arsine which does not contribute to the growth of a thin film is 
normally flown, triethyl gallium reaches the surface over which is grown a film and is adsorbed 
by the As surface so that it is decomposed, freeing Ga atoms. As a result, numerous Ga single 

15 atoms steps are formed (Fig. 26 A). Since silane is concurrently introduced, silane molecules are 15 
adsorbed by the Ga atoms surface and then decomposed (Fig. 26B). The Si atoms moves to the 
steps and then are trapped by Ga sites, whereby they become doners (Fig. 26C). That is, SiH 4 
has a tendency to be strongly adsorbed by the Ga surface rather than the As surface and due 
to the simultaneous introduction of triethyl gallium, Si is trapped by a Ga site before the number 

20 of Ga single atom steps is decreased, whereby a high concentration doping can be attained. 20 

EXAMPLE 7 

A GaAs thin film doped with Si was grown over the (100) surface of a GaAs single crystal 
substrate. Arsine (AsH 3 ) was used as a hydride of Group V; trimethy! gallium (CH 3 ) 3 Ga was used 

25 as an organic metal compound containing an element in Group III; and silane SiH 4 was used as a 25 
hydride containing an element in Group IV. The hydrogen flow rate was maintained at a constant 
value of 10 l/min and as shown in Fig. 27 arsine at a molar fraction of 1 x 10" 5 is normally 
introduced or flown together with the hydrogen carrier gas. Arsine which is normally forced to 
flow together with the hydrogen gas serves to prevent the desorption of As from a grown 

30 GaAs layer. Therefore, arsine is diluted to such a concentration that it does not react with TMG 30 
to produce GaAs. After trimethyl gallium (TMG) and silane both of which have a molar fraction 
of 1 x 10" 4 were introduced for a time interval of one second, hydrogen chloride (HCl) at a molar 
fraction of 1 x 10~ 4 was introduced for a time interval of one second. Thereafter, arsine at a 
molar fraction of 1 x 10 -3 was introduced for a time interval of one second. Thus, one cycle 

35 was completed and was repeated 3600 times. The grown film was 1jum in thickness. 35 
Fig. 28 shows the carrier. concentrations of the films grown at the growth temperature of 
550°C while the molar fraction of silane was varied from 10~ 8 to 10" 3 . 

Ail of the grown layers were of n-type. The carrier concentration is in proportion to a molar 
fraction ranging from 10" a to 10~ 4 and a maximum carrier concentration of 3 x 10 20 cm- 3 was 

40 obtained at a molar fraction of 2 x 10" 4 . Fig. 29 shows the carrier concentrations obtained when 40 
the molar fraction of silane was maintained at 1 x 10" 4 while the substrate temperature was 
varied from 450 to 650°C. The carrier concentration of 2 x 10 20 cm- 3 which is independent from 
the growth temperature was obtained at temperatures between 500 and 650°C. The reason why 
such high carrier concentration can be obtained has been already explained in EXAMPLE 6. 

45 Next, the effects of the introduction of HCl will be described. When TMG and silane are 45 
introduced to grow a Si-doped Ga layer, part of Ga atoms forms two-layer structures as shown 
in Fig. 30. When arsine is introduced over the two-layer structures to grow as As layer without 
introduction of hydrogen chloride, anti-site defects result and deep levels are defined because Ga 
in the second layer occupies the position of As. The anti-site defects cause abnormal defects 

50 which are observed as surface defects. However, when hydrogen chloride is introduced after the 50 
introduction of trimethyl gallium, Ga in the second layer of the Ga-Ga two-layer structure 
combines with CI so that the two-layer structure is eliminated. As a result, the number of 
surface defects and a deep level can be reduced to less that 1/10. The results of the investiga- 
tion of the relation between the molar fraction of hydrogen chloride and the surface defect 

55 density showed that the effective hydrogen chloride concentration Is in excess of a molar 55 
fraction of 1 x 10~ 4 . it is preferable that the molar fraction of arsine which is forced to normaly 
flow be less than 4x 10~ s . In, addition, it is preferable that the molar fractions of TMG and 
arsine for growing a crystal be in excess of 1 x 10" 4 and 1 x 10" 3 , respectively, so that the 
single-molecular-layer growth may be ensured. 

60 The doping quantities when the silane introduction timing is varied were investigated. That is, bW 
the introduction of silane was varied as follows. (A) Silane was introduced for one second 
immediately after the introduction of TMG; (B) silane was introduced for one second immediately 
after the introduction of arsine; and (C) silane was introduced with the small quantity of arsine 
which is forced to normally flow through the process chamber. The concentrations of TMG, 

65 arsine and hydrogen chloride and their introduction cycle were similar to those described above 
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while substrate temperature was maintained at a constant value of 550°C. Fig. 31 shows the 
carrier concentrations when the molar fraction of silane was varied. The curve A indicates the 
carrier concentration obtained when silane was introduced immediately after the introduction of 
TMG; the curve B indicates the carrier concentration when silane was introduced immediately 
5 after the introduction of arsine; and the curve C indicates the carrier concentration when silane 5 
was normally flown through the process chamber. For the sake of comparison, the curve D 
which indicates the carrier concentration when TMG and silane were simultaneously introduced. 
As a whole, there exists a common feature that the carrier concentration maintains a linear 
relation with the molar fraction of silane over a relatively wide range. This shows that the carrier 

10 concentration can be controlled with a high degree of accuracy. The results of the comparisons 10 
among the characteristic curves A— D show that the highest carrier concentration can be obtained 
as indicated by the curve D when TMG and silane are concurrently introduced; that second 
highest carrier concentration is obtained when silane is introduced immediately after the introduc- 
tion of TMG (the curve A); and the carrier concentration decreases in the order of when silane is 

15 always introduced (the curve C) and when silane is introduced immediately after the introduction 15 
of arsine (the curve B). In case of the curve A, silane is introduced after the growth of the Ga 
layer so that the number of steps on the Ga surface is less than that of the curve D. As a 
result, the Ga surface traps less Si. When the molar fractions of silane are same, the carrier 
concentration is lower than that indicated by the curve D. In case of the curve C, Si which is 

20 trapped by the As layer functions as an acceptor which cancels the Si donor trapped in the Ga 20 
layer so that the carrier concentration drops as a whole. In general, it is difficult for Si to enter 
an As site, but in case of the growth of the As surface, As steps are formed over the surface 
of a single atomic layer so that the probability that Si is trapped at an As site is increased, 
resulting in the increase of the acceptors. However, even in this case, a large quantity of Si are 

25 trapped by the Ga surface so that the carrier concentration of 5 x 10 19 cm" 3 which is higher by a 25 
factor of one as compared with the carrier concentrations attained by the conventional methods 
can be obtained. The maximum carrier concentration attainable by introducing silane immediately 
after the introduction of arsine, thereby doping the As surface with Si is of the order of 
5x10 l8 cm -3 as indicated by the curve B. 

30 30 
EXAMPLE 8 

A GaAs crystal containing only one atomic layer doped with Si was grown. Arsine AsH 3 was 
used as a hydride containing an element in Group V; trimethyl gallium (TMG) (CH 3 ) 3 Ga was used 
as an organic metal compound containing an element in Group III; and silane StH 4 was used as a 

35 hydride containing an element in Group IV. Fig. 32 shows the timing for introducing each source 35 
gas. The flow rate of hydrogen which is a carrier gas was maintained at a constant value of 10 
l/min and a small quantity of arsine having a molar fraction of 1 x 10 -5 was made to normally 
flow through the process chamber so as to prevent the vaporization of As from a GaAs crystal 
during the growth of a Ga layer, arsine is diluted to such a low concentration that it does not 

40 react with trimethyl gallium to produce GaAs. 40 
A growth cycle consisting of the introduction for a time interval of one second of TMG at a 
molar fraction of 1 x 10~ 4 , the introduction for a time interval of one second of HCI at a molar 
fraction of 1 x 10~ 4 and the introduction for a time interval of one second of arsine at a molar 
fraction of 1 x 10~ 3 was repeated 900 times to grow a non-doped GaAs layer. Thereafter, the 

45 introduction of TMG was interrupted for a time interval of one second, thereby stabilizing the As 45 
surface and then TMG and silane were introduced for a time interval of one second over the 
stabilized As surface, thereby growing one atomic layer doped with Si. Next, HCI, arsine and 
TMG were introduced in the order named, whereby a non-doped GaAs layer was grown. Fig. 33 
shows the variations in sheet carrier concentration when the growth temperature was maintained 

50 at 550°C while the concentration of silane was varied. The sheet carrier concentration was 50 
obtained by the measurement of Hall movility at room temperature. All the sheet-doped layers 
were of n-type and when the molar fraction of silane was 2x 10" 4 , the maximu sheet carrier 
concentration of 1 x 10 13 cm~ 2 was obtained. The non-doped GaAs layer had a high degree of 
purity and a high concentration was obtained by doping Si into the atomic layers. Fig. 34 shows 

55 the carrier concentrations obtained when the molar fraction of silane was maintained at a 55 
constant value of 1 x 10~ 4 while the growth temperature was varied from 450°C to 650°C. In 
the temperature range between 500°C and 650°C, the sheet carrier concentration of 
5x10 ,2 cm~ 2 which was independent of the growth temperature was obtained. This shows that 
the same sheet carrier concentration was obtained by using silane whose quantity was less than 

60 a fraction of 1/10 of the quantity of silane used in the conventional crystal growth methods. 60 
The carrier concentration resulting from the doping of one atomic surface with Si was mea- 
sured by the Schottkey method. TMG and arsine were used as source gases and a thin GaAs 
film was grown over the (100) surface of a GaAs substrate by alternately introducing for one 
second TMG, HCI and highly concentrated arsine while a very small quantity of arsine was 

65 normally introduced. The above-described cycle was repeated many times to grow a thin film. 65 
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Thereafter, silane was introduced for a time interval of one second so as to dope Si into the As 
surface and then the normal crystal growth cycle was repeated some times to grow a thin film. 
Thereafter TMG, HCl and silane were introduced in the order named so as to dope the Ga 
surface with Si and then the cycle for growing a thin film was repeated. Fig. 35 shows the 
carrier concentrations of a thin film in the direction of depth thereof by the Schottkey method. 
This thin film was grown at the growth temperature of 550°C by repeating 600 times a growth 
cycle consisting of the introduction for a time interval of one second of arsine at a molar 
fraction of 1 x 10 -5 and at a molar fraction of 1 x 10~ 3 , the introduction for a time interval of 
one second of TMG at a molar fraction of 1 x 10~ 4 and the introduction for a time interval of 
one second of HC! at a molar fraction of 1 x 10"*, the molar fraction of silane being maintained 
at 1 x 10" 4 . It is seen that Si is concentrated at the specific surfaces at which Si was impinged. 
The spread of each peak is due to thermal vibration and the value of the half-width of each peak 
shows that a thin film was grown by the repeated growth of a single atomic layer. It is also 
seen that Si atoms are trapped more by the Ga surface rather than the As surface. Fig. 36 
shows the comparison as a method for doping Si into a specific Ga surface between the method 
in which silane and TMG are simultaneously introduced and the method in which silane is 
introduced after the introduction of TMG. The lower peak corresponds to the surface which is 
doped with Si by introducing silane after the introduction of TMG while the higher peak corre- 
sponds to a surface which is doped with Si by the simultaneous introduction of TMG and silane. 
It is seen that the quantity of Si doped into the Ga surface is higher than the quantity of Si 
doped into the As surface in a single atomic surface and a higher carrier concentration can be 
obtained by the method for forming a Ga surface by the simultaneous introduction of TMG and 
silane rather than by the method in which silane is introduced after the growth of the Ga 
surface. These results are the base of the carrier concentration curves shown in Fig. 31. 

When HCl is introduced in the process of growing thin films so as to remove Ga from partially 
formed two-layers in a Ga layer and the Ga layer is doped with Si, a high concentration doped 
layer almost with a low surface defect density can be obtained. A high surface defect density is 
decidedly fatal to the fabrication of GaAa integrated circuits, but when the method of the 
present invention is applied to the fabrication of GaAs integrated circuits, a high yield can be 
ensured. . 

So far, silane has been used as a doping gas, but various doping gases as shown in TABLL 1 
may be ued to attain a high carrier concentration. 
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doping gas 


molar fraction 


g rowth 
temperature 


maximum carrier 
concentration 


Group IV 
GeH 4 


2 x 10" 4 


550°C 


n- type 
3xl0 2 °cm-3 


Group IV 
Si (CH 3 ) 4 


2 x 10" 4 


550°C 


n- type 
3xl0 2 °cm"3 


Group VI 
H 2 S 


6.5 x 10-5 


550°C 


n-type 
3x10 20 C m"3 


Group VI 
(CH 3 ) 2 Te 


6,5 x 10-5 


550°C 


n- type 
3xl0 2 °cm-3 


Group II 
(CH 3 ) 2 Zn 


2 x 10" 5 


550°C 


p-type 
2xl0 2 °cm"3 
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The present invention may be equally applied to other lll-V compounds such as AlAs, InAs, 
AIP, GaP, InP, AlSb, BaSb, InSb, AIGaAs, InGaAs, AllnAs, AIGaP, InGaP, AIGaSb, InGaSb, 
InGaAsP, InGaAsSb, AIGaAsP, AIGaAsSb and so. 

5 EXAMPLE 9 5 
A compound semiconductor of the type having a structure as shown in Fig. 37 was grown. A 
Si-doped GaAs layer 12 250A in thickness was grown on a Si-doped n-GaAs substrate 1 1 with 
the carrier concentration of 5x10 l5 cm~ 3 ) in the following manner. The growth temperature was 
maintained at 450°C and while arsine which was diluted with hydrogen to a molar fraction of 

10 1 x 10~ 5 was normally flown through the process chamber, TMG at a molar traction of 1 x 10~ 4 10 
and silane at a molar fraction of 1 x 10" 4 were simultaneously introduced for a time interval of 
one second. Thereafter arsine at a molar fraction of 1 x 10 -3 was introduced for a time interval 
of one second. These steps were alternately repeated so that the n-GaAs film 12 with the 
carrier concentration of 2x 10 20 cm -3 was grown. As shown in Fig. 37, an Au film 13 was 

15 deposited over the Si-doped layer 12 while a AuGaNi alloy electrode layer 14 was deposited 15 
over the undersurface of a substrate 1 1 and the current-voltage characteristic was measured. 
The specific resistance was less than 5x 10~ 8 cm 2 which is the lowest value ever reported. 

According to a method of the present invention, the process in the conventional crystal 
growth methods for depositing an electrode metal and heat treating it to produce an alloy can 

20 be eliminated and a high-concentration doped layer can be grown as an electrode layer in the 20 
crystal growth process. Unlike the surfaces of the electrode layers fabricated by the conventional 
method, the surface of the electrode layer formed in accordance with the present invention is 
not roughened. 

25 EXAMPLE 10 25 
The present invention was applied to the fabrication of GaAs FETs. As shown in Fig. 38, over 
the surface of a semic-insulating GaAs substrate 21 was grown an n + GaAs layer 22 0.1/zm in 
thickness in a manner substantially similar to that described above in connection with EXAMPLE 
9. Thereafter, a source electrode 23, a gate electrode 24 and a drain electrode 25 were formed 

30 by the conventional lithographic process. While the conventional method carries out the ion 30 
plantation of the n + layer, the present invention uses a crystal growth method. In addition, 
according to the present invention, HCI is introduced during the growth process, thereby remov- 
ing or eliminating the two-layer structures of Ga so that crystal defects in the n + layer are less. 
Furthermore, according to the present invention, the high-concentration n + layer is grown so that 

35 a depletion layer becomes narrow and consequently the source series resistance is lowered. 35 
Moreover, in case of integration, variations in characteristics of individuals FETs are less and the 
standard deviation of the pinch-off voltage of FETs is less than 100mV. As a result, the yield of 
wafers is significantly improved. 

40 EXAMPLE 11 40 
The present invention was applied to the fabrication of compound semiconductors having a 
hetero-structure. 

As shown in Fig. 39A, while arsine which was diluted with hydrogen to a molar fraction of 
1 x 10" 5 was normally flown through the process chamber, TMG at a molar fraction of 1 x 10 - *, 

45 HCI at a molar fraction of 1 x 10~ 4 and arsine at a molar fraction of 1 x 10~ 3 were alternately 45 
introduced to grow a GaAs layer 5000A in thickness over the (100) surface of a semi-insulating 
GaAs substrate. The carrier concentration of this GaAs layer thus grown was 5x 10 l4 cm -3 . 
Thereafter, as shown in Fig. 39B, source gases such as a mixture of TMA and silane, HCI, 
arsine, a mixture of TMG and silane, HCI, arsine, a mixture of TMG and silane, HCI, arsine and a 

50 mixture of TMA and silane were introduced in the order named so that a Si-doped AI 033 Ga 067 As 50 
ordered ternary alloy layer in which two GaAs layers and one AlAs layer alternate was grown 
over the GaAs layer. The molar fraction of silane was maintained at 1 x 10~ 5 while the carrier 
concentration in the ordered alloy layer was maintained at 1 x 10 l9 cm~ 3 . Thereafter, as shown in 
Fig. 39C, the source gases such as (TMG + silane), HCI and arsine were introduced in the order 

55 named to grow a Si-doped GaAs layer 50A in thickness over the AI 033 Ga 067 As layer. The molar 55 
fraction of silane was maintained at 1 x 10~ 4 while th carrier concentration in the GaAs layer 
thus grown was maintained at 1 x 10 20 cm~~ 3 . The growth temperature was 550°C. As a result, a 
hetero-structure compound semiconductor in which the non-doped GaAs layer 32, the Si-doped 
AI 033 Ga 067 As layer 33 and the Si-doped GaAs layer 34 were grown in the order named over the 

60 semi-insulating GaAs substrate 31 was obtained as shown in Fig. 40. The si-doped Al- 6@ 
033 Ga 067 As layer 33 functions as a layer for supplying two-dimensional electrons and the inter- 
face 35 between the layer 33 and the non-doped GaAs layer 32 becomes a surface along which 
two-dimensional electron gases move. The Si-doped GaAs layer 34 functions as an electrode. 
In case of a FET fabricated from the hetero-structure compound semiconductor thus grown, 

65 HCI is introduced after the formation of Ga layer so as to eliminate the two-layer structures of 65 
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Ga so that surface and interface defects become less. As a consequence, the IC yield is 
improved and the two-dimensional electron gas moves at a high velocity because the hetero- 
interface is almost free from defects. In addition, the method of the present invention just 
described above is carried out at a lower crystal growth temperature as compared with the 
5 conventional crystal growth methods so the diffusion of Si at the hetero-interface is suppressed 5 
and the hetero-interface coincides with the doped interface. As a result, high-speed FETs can be 
realized without causing the decrease in electron mobility in the GaAs layer. Furthermore, Si can 
be doped at a high concentration so that an electrode can be formed by the crystal growth. 
Unlike the method as shown in Fig. 39B, in case of growing a Si-doped AI 033 Ga 067 As layer, 

10 TMG and TMA whose quantity is one half of that of TMG may be simultaneously introduced as 1C 
shown in Fig. 41. According to this method, it becomes possible to grow a AI 033 Ga 067 As mixed 
crystal in which Ga atoms and Al atoms whose quantity is one half of that of Ga atoms are 
mixed in a single atomic surface. In case of growing a AIGaAs mixed crystal, the ratio between 
Al and Ga can be freely selected by varying the numbers of the Al and Ga surfaces in case of 

15 an ordered mixed crystal or by varying the ratio between TMA and TMG which are simultane- 1E 
ously introduced in case of an disordered mixed crystal. Unlike the pulse-like introduction of 
silane as shown in Figs. 39B and 39C and Fig. 41 , silane may be kept to flow for the full period 
of doping Si. 

20 EXAMPLE 12 2( 
A hetero-structure compound semiconductor having a structure as shown in Fig. 42 was 

formed. 

A Si-doped Alo 5 Gao 5 As layer 42 having a thickness of 5000A and a carrier concentration of 
2x 10 18 crrr 3 was grown over the (100) surface of an n-GaAs substrate 41 having a carrier 

25 concentration of 2 x 10 l8 cm" 3 in a manner substantially similar to that described above with 21 
reference to Fig. 41 except that the molar fractions of TMG and TMA were changed to 1 x 10~ 4 
and the molar fraction of silane was changed to 1 x 10~ 6 . Under the same conditions described 
above with reference to Fig. 39B or Fig. 41 except that no silane was introduced, a non-doped 
AI O33 Ga 067 As layer 43 100 A in thickness was grown and then a non-doped GaAs layer 44 

30 100A in thickness was grown. Five non-doped AI 033 Ga 067 layers and five non-doped GaAs 3( 
layers were alternately grown, whereby a multi-quantium well layer 45 is formed. Thereafter, a 
Zn-doped AI 05 Ga 0 5 As layer 46 having a carrier concentration of 5 x 10 19 cm" 3 and a thickness of 
5000A was grown. Furthermore, a Zn-doped GaAs layer 47 having a thickness of 100A and a 
carrier concentration of 5 x 10 l9 cm -3 was grown. In order to dope with Zn, dimethyl zinc 

35 (CH 3 ) 2 Zn and TMG can be simultaneously introduced and when the molar fractions of (CH 3 ) 2 Zn 3! 
are 2x10~ 7 and 10~ 8 , respectively, the p-type carrier concentration becomes 5x10 l9 cnrr 3 and 
2x10 18 cm -3 , respectively. The growth temperature was 550°C. 

High-quality multi-quantum well lasers can be fabricated from the semiconductor having the 
structure as shown in Fig. 42. That is, since HCI is introduced immediately after the formation of 

40 a Ga surface, the surface defects and deep levels can be decreased. As a result, the yield is 4( 
improved and lasers having a high degree of laser beam emitting efficiency can be fabricated. 
Furthermore, the hetero-interface is distinctly defined and the defects in the interface are re- 
duced. Moreover, since a crystal is grown at a relatively low temperature of 550°C, the diffusion 
of Si and Zn can be satisfactorily suppressed. The defect-free and compositionally well-defined 

45 interface as well as a high light-emitting efficiency serve to lower an oscillation threshold current 4! 
of a multi-quantum-well laser. 

In EXAMPLES 7-12, trimethyl gallium was used as a source gas of Ga, but it is understood 
that when triethyl gallium (C 2 H 5 ) 3 Ga is sued, the intrusion of carbon atoms into a crystal can be 
further reduced. Furthermore, instead of hydrogen chloride, hydrogen halide such as hydrogen 

50 bromide or hydrogen fluoride may be used. 

As described above, according to the present invention a small quantity of hydrido containing 
an element in Group V or VI is always forced to flow through the process chamber, vacancies 
produced by the desorption of an element in Group V or VI such as As are very s:",iii In 
addition, the hydrogen gas is also forced to flow normally so that freed methyl rj<: _-j!s are 

55 reduced by hydrogen to become methane so that they are prevented from being t - .m m a 
layer being grown and the carbon acceptors are decreased in number, whereby a ;'• •■. < !ayer 
having a high degree of purity can be obtained. These effects can be further enh.r -• • /.hen a 
compound containing ethyl radicals is used as an organic metal compound. 

According to the present invention, a portion such as a Ga-Ga two-layer struv,: a 

60 single atomic layer formed during the growth of a surface of an element in Groui. ' ' " -an be 
easily desorbed in the form of a halide having a high vapor pressure when a hyci' .■ f ^'de is 
introduced. As a result, surface defects and deep levels are remarkably decrease v- it a 
perfect crystal can be obtained. Moreover, as compared with the conventional MLF r i ALE 
methods, the growth rate is fast and a time period required for growing a crystal -..it-sfiicionly 

65 acceptable in practice. 
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The sources gases are alternately introduced so that no additional compounds such as TMG, 
AsH 3 and the like having a high decomposition temperature are produced so that the present 
invention has a unique feature that the crystal growth temperature can be essentially maintained 
at a relatively low level. That is, according to the present invention, thin films can be grown at 
5 relatively low temperatures below 600°C so that the thermal diffusion into another layer can be 5 
substantially reduced to a minimum and an extremely distinctly defined hetero-structure can be 
obtained. 

The hetero-interface of a hetero-structure compound semiconductor formed by the method of 
the present invention is free from any projection and recess so that the quantum sell light is 
10 emitted from a single quantum level and consequently the half-width can be reduced. Further- 10 
more, when electrons flow along the hetero-interface, they are prevented from being scattered 
due to the surface roughness thereof. 

In addition, according to the present invention, it becomes possible to easily grow an ordered 
mixed crystal. 

15 According to the present invention, it becomes possible to uniformly grow a compound 15 
semiconductor over relatively wide surface (more specifically, over the whole surface of a wafer 
greater than two inches) of a substrate and the non-uniformity in film thickness is less than 
±1%. Furthermore, according to the present invention, it becomes possible to form not only 
hetero-structure compound semiconductors having an atomically uniform hetero-interface but also 
20 compound semiconductors in the form of a regular mixed crystal. Thus, the present invention 20 
can be applied to various fields such as the fabrication of FETs and laser elements. 

Further, according to the present invention the high-concentration doping of III — V compound 
semiconductors becomes possible. Doping is effected during the crystal growth at low tempera- 
tures so that the diffusion of dopants in the interface between the doped layer and the non- 
25 doped layer can be reduced. Moreover, during the process of growing a crystal it is possible to 25 
use a method for introducing a hydrogen halide after the growth of an atomic surface of an 
element in Group 111, thereby eliminating the surface defects and a deep level so that a crystal 
almost free from any defect can be obtained. Therefore, the method of the present invention is 
very advantageous in the fabrication of high-speed FETs and multi-quantum-well lasers using 
30 lll-V compound semiconductors. 30 

CLAIMS 

1. A preparation process of compound semiconductor thin films in which an organometahic 
compound containing an element of Group III or II and a hydride containing an element of Group 

35 V or VI are introduced over a heated substrate and are subjected to thermal decomposition, 35 
whereby a lll-V or II-Vl compound semiconductor is grown over said substrate, characterized by 
comprising: 

while normally flowing a first carrier gas and a hydride which is diluted to a first concentration 
at which said hydride does not chemically react with said organometallic compound to produce a 
40 lll-V or ll-VI compound and which contains an element of Group V or VI; 40 

repeating a cycle consisting of a step for introducing over said substrate said hydride which is 
diluted with a second carrier gas at a concentration higher than said first concentration; 

a step for interrupting the introduction of said hydride at said second concentration; 

a step for introducing over said substrate an organometallic compound which is diluted with a 
45 third carrier gas and which contains an element of Group III or II; 45 

a step for interrupting the introduction of said organometallic compound; and 

a step for introducing a hydrogen halide which is diluted with a fourth carrier gas. 

2. A preparation process as claimed in claim 1, characterized in that said first, second, third 
and fourth carrier gases consist of hydrogen. 

50 3. A preparation process as claimed in claim 1, characterized in that said first concentration 
of said hydride is a molar fraction of less than 4x 10" 5 . 

4. A preparation process as claimed in claim 1, characterized in that said second concnntrj- 
tion of said hydride is a molar fraction of higher than 1 x 10~ 3 . 

5. A preparation process as claimed in claim 1, characterized in that the diluted concoiv «; -n 

55 of said organometallic compound is a molar fraction of higher than 1 x 10~ 4 . 55 

6. A preparation process as claimed in claim 1, characterized in that the concentration n«i 
hydrogen halide is a molar fraction of higher than 1 x 10~ 4 . 

7. A preparation process as claimed in claim 1, characterized in that said hydrogen hit- :• 
hydrogen chloride. 

60 8. A preparation process as claimed in claim 1, characterized in that the temperature o* •< 60 
substrate is maintained at a temperature higher than 400°C but lower than 600°C. 

9. A preparation process as claimed in claim 1, characterized in that two kinds of orga:.< .: ■ 
tallic compounds containing different metal elements are introduced as said organometallic •.-;!;. 
pound over said substrate. 

65 10. A preparation process as claimed in claim 1, characterized in that said organometallic 65 
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compound is an organometallic compound containing ethyl radicals. 

11. A preparation process of compound semiconductor thin films, characterized by compris- 
ing: 

while normally flowing over a substrate a hydrogen carrier gas and arsine (AsH 3 ) which is 
5 diluted to a first concentration at which said arsine does not chemically react with an organome- 5 
tallic compound to produce a III— V compound; 

repeating a cycle consisting of a step for introducing over said substrate said arsine which is 
diluted with said hydrogen carrier gas to a second concentration; 
a step for interrupting the introduction of said arsine at said second concentration; 
10 a step for introducing over said substrate and organometallic compound which is diluted with 10 
said hydrogen carrier gas and which contains an element in Group III, thereby growing a thin 
compound semiconductor film over said substrate; and 

a step for introducing in any step of said cycle silane (SiH 4 ) together with said organometallic 
compound containing an element of Group III, thereby doping said compound semiconductor. 
15 12. A preparation process of compound semiconductor thin films, characterized by compris- 15 
ing: 

while introducing over a substrate a hydrogen carrier gas and a hydride which is diluted to a 
first concentration at which said hydride does not chemically react with an organometallic 
compound to produce a 111 — V compound and which contains an element in Group V; 
20 repeating a cycle consisting of a step for introducing over said substrate said hydride which is 20 
diluted with said hydrogen carrier gas to a second concentration higher than said first concentra- 
tion, 

a step for interrupting the introduction of said hydride at said second concentration, 
a step for introducing over said substrate an organometallic compound which is diluted with 
25 said hydrogen carrier gas and which contains an element in Group III, 25 
a step for interrupting the introduction of said organometallic compound, 
a step for introducing a hydrogen halide diluted with said hydrogen carrier gas and 
a step for interrupting the introduction of said hydrogen halide, thereby forming a thin com- 
pound semiconductor film over said substrate; and 
30 a step for introducing over said substrate said hydrogen gas together with a compound 30 
containing an element in Group IV, VI or II thereby doping said compound semiconductor. 

13. A preparation process as claimed in claim 12, characterized ia that said compound 
containing an element in Group IV, V or II is simultaneously introduced together with said 
organometallic compound containing an element in Group III. 
35 14. A preparation process as claimed in claim 12, characterized in that said compound 35 
containing an element in Group IV, VI or II is introduced immediately after the interruption of the 
introduction of said Group Ell element. 

15. A preparation process as claimed in claim 12, characterized in that said compound 
containing an element in Group IV, VI or II is introduced immediately after the interruption of the 

40 introduction of said hydride diluted to said second concentration. 40 

16. A preparation process as claimed in claim 12, characterized in that said compound 
containing an element in Group IV, VI or II is kept to be introduced during all of said steps. 

17. A preparation process as claimed in claim 12, characterized in that said compound 
containing an element in Group IV is silane <StH 4 ). 

45 18. A preparation process as claimed in claim 12, characterized in that the molar fraction of 45 
said silane is between 10~ 7 and 10~ 3 . 
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